AO-Altt  199 


UNCLASSIFIED 


HICROSTRUCTURE  OF  CERAMICS  DERIVED  FROM  ORGANO-NET ALL I C 
POLVHERS(U)  MASSACHUSETTS  INST  OF  TECH  CAMBRIDGE 
D  R  UHL  MANN  II  MAR  If  AFOSR-TR-87-1727  AF0SR-8S-M2C 


UNCLASSIFIED 


tine  £ile  caei 


CUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-01 


AD-A190  099 


I  2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE 
4  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


1b.  RESTRICTIVE  MARKINGS 

3  .  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  public  release; 
Distribution  Unlimited 

5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 

AFOSR-Tk'  6  7  -  l  7  Z 


6a  NAME  OF  PERFORMING  ORGANIZATION 
Massachusetts  Institute  of  Tech 


6c  ADDRESS  (City,  State,  and  ZIP  Code) 

Cambridge  Massachusetts 


6b.  OFFICE  SYMBOL  7a.  NAME  OF  MONITORING  ORGANIZATION 
(If  applicable) 

AFOSR/NC 


7b  ADDRESS  (City,  State,  and  ZIP  Code) 
Bldg  410 

Bolling  AFB  DC  20332-6248 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

AFOSR 


8c.  ADDRESS  (City,  State,  and  ZIP  Code) 

Bldg  410 

Bolling  AFB  DC  20332-6448 


8b  OFFICE  SYMBOL  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 

NC  AFOSR-85-0026 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO 

61102F 


PROJECT 

TASK 

NO 

NO 

2303 

A3 

1 1 .  TITLE  (Include  Security  Classification) 

MICROSTRUCTURE  OF  CERAMICS  DERIVED  FROM  ORGANO-METALLI C  POLYMERS 


12.  PERSONAL  AUTHOR(S) 


WORK  UNIT 
ACCESSION  NO 


13a  TYPE  OF  REPORT 
FINAL 


16.  SUPPLEMENTARY  NOTATION 


13b  TIME  COVERED 
FROM _  TO 


14.  DATE  OF  REPORT  (Year,  Month,  Day)  |1S.  PAGE  COUNT 

27 


COSATI  CODES 


GROUP 


18  SUBJECT  TERMS  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 


SUB-GROUP 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


Work  during  the  present  period  of  the  grant  has  been  directed  to  two  principal  areas: 
Microstructure  of  Epoxy  Resins;  and  Ceramics  from  Organometallic  Polymers. 

The  former  area  of  research  was  substantially  completed  during  the  present  year: 
and  future  attention  will  be  focussed  on  the  chemical  and  kinetic  aspects  of 
wet  chemical  processing  of  ceramic  materials.  _  -i 

-  OTIC 

/T:  elECTE 

•  Y' '  JM05S88 


20.  DISTRIBUTION/ AVAILABILITY  OF  ABSTRACT 

□  UNCLASSIFIEDOJNLIMITED  Q  SAME  AS  RPT  □  OTIC  USERS 


22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 
1H  Hlri 


22b  TELEPHONE  (Include  Area  Code)  22c  OFFICE  SYMBOL 

( - - - 


\ 


00  Form  1473,  JUN  86 


Previous  edi'""'s  are  obsolete 


SECURITY  CLASSIFICATION  OF  Th'S  PAGF 


»,*  V  ■  »  .  -  .  •  .  •*, 


AFOfift.TB*  8  7  -  1  7 


FINAL  REPORT 


ON 


MICROSTRUCTURE  OF  CERAMICS  DERIVED  FROM  ORCANO-METALLIC  POLYMERS 

I 


submitted  to 


AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 


by 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 


(AFOSR-85-0026) 


Access 

“ntis 

DTIC  T 
Unanno 
Justlf 

Lon  For 

IRA A I 

AB  TJ 

unced  □ 

n«»  - - -  ■  i.— 

Distribution/  _ 

Availability  Codes 

1 

Dlst 

m 

Avail  and/or 
Special 

i 

_  .  - - - -  —  — 

Professor  D.R.  Uhlmann 
March  1,  1986 


Approve" 

diutril 


f-r  public  release# 

■io:i  unlimited 


I.  INTRODUCTION 


Work  during  the  present  period  of  the  grant  has  been  directed 
to  two  principal  areas:  Microstructure  of  Epoxy  Resins;  and 
Ceramics  from  Organometallic  Polymers.  The  former  area  of  re¬ 
search  was  substantially  completed  during  the  present  year;  and 
future  attention  will  be  focussed  on  the  chemical  and  kinetic 
aspects  of  wet  chemical  processing  of  ceramic  materials. 

Progress  in  each  of  these  areas  will  be  summarized  below. 


2. 


II.  MICROSTRUCTURE  OF  EPOXY  RESINS 


The  present  work  represented  a  continuation  of  our  efforts  directed  to 
understanding  the  microstructure  of  epoxy  resin  cured  with  amine  hardeners. 
The  focus  has  been  on  characterizing  a  series  of  networks  formed  by  changing 
the  formulations  and  the  processing  conditions  of  the  system.  The  mor¬ 
phological  analysis  has  been  supplemented  by  a  statistical  model  for  the 
network  formation;  and  the  results  have  been  used  to  understand  and  control 
the  mechanical  properties  of  these  materials. 

The  table  on  the  following  page  shows  the  Epon  828  epoxy/ triethylene 
tetramine  (TETA)  formulations  which  were  explored,  together  with  the  curing 
conditions  employed. 

Figure  1  shows  the  glass  transition  temperatures  (T  )  of  these  specimens 

8 

Table  2  shows  the  molecular  weight  between  the  crosslinks  (M  )  for  some  of 

c 

the  formulations.  was  evaluated  from  the  rubbery  modulus  of  the  resins 
after  applying  rubber  elasticity  theory.  The  epoxy-rich  formulations 
have  higher  Mc,  which  decreases  towards  the  stoichiometric  formulations, 
and  then  again  increases  with  increasing  curing  agent  concentration.  M 

c 

decreased  after  the  post  curing  treatment.  A  relationship  has  been  found 
between  T  and  M  : 


T  =  51.7  +  23800/M  (1) 

8  c 

The  modulus  at  room  temperature  of  these  resins  is  shown  in  Figure  2. 
The  modulus  decreases  with  increasing  hardener  content,  especially  around 
stoichiometry.  From  the  published  literature,  epoxies  havg  been  assigned 
a  two  phase  structure  (nodular)  from  an  analysis  of  their  fracture  surfaces 
and  dynamic  mechanical  properties.  The  dispersed  phase  accounts  for  more 


TABLE  1 


EPON/TETA  Formulations 


Condition 

Concentration  of 
Curing  Agent, PHR 

Epoxide/Amine 
Hydrogen  (E/A) 

Curing  Condit 
hour  ,  C 

A 

6.5 

2:1 

7,120 

B 

6.5 

2:1 

4  RT/7,120 

C 

8 

1.63:1 

4  RT/7,120 

E 

10 

1.3:1 

7,120 

F 

10 

1.3:1 

4  RT/3,83 

G 

10 

1.3:1 

4  RT/8,83 

H 

12 

1.06:1 

1  RT/8,83 

11 

13 

1:1 

7,110 

12 

13 

1:1 

7,110 

K1 

13 

1:1 

8,83 

K2 

13 

1:1 

8,83 

LI 

13 

1:1 

1  RT/8,83 

L2 

13 

1:1 

1  RT/8,83 

M 

17 

1:1.3 

12,80 

N 

17 

1:1.3 

3  RT/9,80 

Q 

26 

1:2 

12,80 

R 

26 

1:2 

3  RT/9,80 

*RT  is  Room  Temperature. 


A  part  of  each  of  the  samples  was  also  subjected  to  Postcure  at  150  C 
for  two  hours.  This  will  be  indicated  in  the  text  by  a  superscript  P. 


il'Vftt'.l'll'it  ‘it  '>*•'*«  ft*.  A*  a  I',  ft**  |*|  li.til'i  I'i.l'LlA.rULlLt  I.*  I.«  *.*  .*i.H  .mi.MVt  t'taUlJiJiJM 


than  50  volume  %  with  an  average  nodule  size  of  200-300  A.  The  nodules  are 
assumed  to  be  rich  in  amine  and  thus  have  a  higher  crosslink  density  than 
the  matrix.  This  increases  their  hardness  and  makes  them  undeformable. 

Figure  2  clearly  shows,  however,  that  amine-rich  formulations  have 
lower  modulus  than  epoxy-rich  or  stoichiometric  compositions.  Hence  the 
arguments  based  on  the  occurrence  and  characteristics  of  nodules  are  incon¬ 
sistent  with  the  data.  It  has  also  been  shown  by  SAXS  studies  that  if 
nodules  did  exist  in  the  sizes  and  volume  fractions  claimed  above,  then 
the  density  difference  between  the  matrix  and  nodules  would  be  less  than 


Figure  3  shows  a  crossplot  of  the  T^  vs  modulus  data.  At  both  the 

ends  of  the  curve,  T  drops  without  a  change  in  modulus.  On  the  left  hand 

S 

side  of  the  figure,  the  drop  occurs  for  materials  which  are  amine  rich 
(conditions  Q,  R,  QP,  RP)  and  at  the  other  end  for  the  epoxy  rich  materials 
(A,  B,  AP,  BP) .  This  drop  cannot  be  taken  as  the  formation  of  the  second 
phase,  because  if  this  happened  then  the  modulus  would  change  at  constant 


This  phenomenon  can  be  explained  by  a  plasticization  effect.  In  the 
epoxy-rich  region,  unreacted  epoxide  plasticizes  the  matrix;  and  in  the 
amine-rich  region,  the  high  concentration  of  the  flexible  curing  agent 
gives  the  same  effect.  STEM  observations  (under  Z  contrast)  on  microtomed 
and  stained  sections  of  these  specimens  show  a  heterogeneous  nature  (Figure 
4).  These  were  observed  only  for  amine  rich  formulations,  or  for 
stoichiometric  compositions  which  were  precured  at  room  temperature.  DSC 

and  DMA  do  not  show  the  presence  of  two  T  's  or  shoulders  in  Tan  5  around  T  . 

8  g 
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Figure  4  -  Stained  STEM  micrographs  for  stoichiometric 

(condition  L2P)  formulation.  Room  temperature 
cure  was  given. 


10. 


It  has  previously  been  observed  in  an  aromatic  amine/DGEBA  epoxy  syste 


that  the  reactivity  ratio  of  the  primary  and  secondary  amine  (K  /K0)  is 

1  z 

around  5.  If  this  were  the  case  in  the  present  system,  then  in  an  amine 
rich  system  the  primary  H  will  react  with  the  epoxies  tending  to  form  long 
linear  chains,  which  could  then  precipitate  out  of  the  epoxy-rich  matrix 
creating  a  two-phase  system. 

It  was  decided  therefore  to  model  the  growth  of  a  system  with  a  varying 
and  stoichiometry  to  obtain  insight  into  the  types  of  species  formed 
at  various  stages  of  reaction.  Figure  5  show  the  fractions  of  primary  (Ql) 
amine  reacted  for  different  stoichiometries  and  reactivity  ratio  rCr^^/I^) 
as  a  function  of  epoxide  consumption.  This  figure  shows  the  variations 
only  up  to  the  onset  of  gelation.  It  should  be  noted  from  the  figure  that 
the  epoxide  consumed  at  the  gel  point  does  not  vary  greatly  with  changing 
reactivity  ratio. 

Table  3  shows  the  various  species  that  can  be  generated  during  the 
curve  of  epoxies;  and  Tables  4  to  9  show  the  concentrations  of  the  different 
components  at  various  stages  of  the  reaction.  It  is  seen  that  at  the  gel 
point,  in  the  epoxy  rich  mixture,  most  of  the  contribution  to  the  total 
extent  of  reaction  comes  from  highly  branched  units  (N2PIS,  N2P2S,  N2p3S); 
whereas  in  amine-rich  mixtures  (A/E=2),  it  comes  from  the  less  branched 
units  (N1POS,  N1P1S,  N0P1S,  N2P0S).  The  only  branched  units  contributing 
substantially  to  the  latter  are  N2P1S  or  N1P2S. 

With  increasing  reactivity  ratio  (K^/K.,),  one  observes  that  in  amine 
rich  mixtures  the  amount  of  unreacted  IETA  is  reduced  and  the  contribution 
from  N1P2S  decreases  at  the  expense  of  N2P1S  (although  both  have  three  of 
their  functionalities  reacted). 


TABLE  3 


Types  of  Different  Species*  Generated  for  TETA. 


NOPQS 

pssp 

N1P0S 

PSSS  yVC 

N2P0S  , 

S-SSS 

N0P1S 

PSTP 

N0P2S 

PTTP 

N1P1S 

PSTS,  PTSS,  TSSP 

w’ 

N1P2S 

PTTS,  TSTPy  TTSP  ^~T^° 

N1P3S 

TTTP  / 

\ 

N2P1S 

STSS,  SSST 

N2P2S 

N2P3S 

STTS,  TSST,  TSTS,  TTSS 

f  />  1  ?  /• 

TTTS,  TSTT 

>*-rC 

N2P4S 

TTTT 

*  Specie  N0P1S  indicates  zero  primary  and  one  secondary  have 
reacted.  This  can  also  be  written  as  PSTP,  i.e.,  the  first 
nitrogen  is  primary,  the  second  is  secondary,  the  third  is 
tertiary  and  the  last  one  is  also  primary.  The  schematics 
show  TETA  molecules,  a  solid  end  indicates  that  it  is  reacted. 
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To  examine  whether  such  results  for  large  r  (>2)  in  amine-rich  systems 
would  lead  to  the  formation  of  long  linear  polymer  chains  (which  would  then 
precipitate  to  give  a  second  phase),  further  calculations  were  carried  out 


19. 


(see  appendix  for  details  of  calculations),  with  the  results  shown  in 
Tables  10  and  11.  These  tables  lists  the  %  probability  for  the  formation 
of  diads  and  triads.  The  type  of  triad  listed  is  of  the  type  which  will 
lead  to  longer  polymeric  species.  The  probability  of  the  formation  of  this 
triad  increases  appreciably  at  r  =  5  in  amine  rich  formulations.  In  the 
limit  that  r  =  2,  the  reactivity  differences  between  primary  and  secondary 
amines  will  not  cause  an  appreciable  change  in  the  nature  of  the  species. 
However,  it  may  help  explain  the  inhomogeneity  of  amine  rich  mixtures. 

To  consider  this,  it  is  useful  to  evaluate  the  difference  in  the 
solubility  parameters  required  for  precipitation.  It  has  been  argued  that 
precipitation  occurs  when  A  is  greater  than  5 


*  \/“fiv  1  -  5v2>2  +  (6hl  '  W2> 


for  polymeric  species,  and  greater  than  10  for  monomeric  species.  6^  and 
6^  are  the  contributions  to  the  solubility  parameters  due  to  dispersive 
polar  forces  and  hydrogen  bonding  respectively.  Subscripts  1  &  2  refer 
to  the  precipitating  species  and  the  matrix  component.  Table  12  lists 
values  of  these  parameters  for  different  species.  It  can  be  argued  that 
the  polymeric  species  shown  in  Table  13  has  a  A  of  9.28  (as  compared 
to  DGEBA)  which  is  more  than  5  hence  it  would  precipitate.  The  reference 
point  has  been  taken  as  DGEBA  because  only  43%  of  epoxide  had  reacted  at 
gelation;  therefore  an  assumption  was  made  that  a  sea  of  unreacted  epoxv 
remained . 


TABLE  10 


Percentage  Probability  for  the  Formation  of  Triads  as  the  Function  of 
Stoichiometry  and  K1/K2  at  different  Stages  of  P.eaction 

%  Primary  Amine  Reacted 


kx/k2 


15 

A/E  = 

30 

2 

Gel 

30% 

A/E  =  1 

60% 

Gel 

30% 

A/E  = 

60% 

8.99 

15.64 

8.47 

7.81 

2.71 

1.08 

3.9 

1.36 

9.09 

19.93 

10.4 

9.97 

6.95 

0.94 

4.99 

3.46 

8.9 

22.3 

7.12 

11.14 

11.46 

0.12 

5.57 

5.74 

0.022 

0 
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* 

Percentage  Probability  for  the  Formation  of  Diads  as  the  Function  of 
Stoichiometry  and  K^/K2  at  Different  Stages  of  Reaction 


%  Primary  Amine  Reacted 


TABLE  12 

Solubility  Parameters  of  Different  Species  (( J/crn3) */2) 


Type  of  Species 

*d 

6P 

Sv 

<$h 

Triad 

16 . 44 

1.743 

16.53 

11.61 

Primary  Diad 

17.3 

2.04 

17.42 

10.06 

Secondary  Diad 

17.25 

2.60 

17.44 

10.81 

DGEBA 

17.21 

0.64 

17.22 

1.72 

*  6v  "  /6d2  +  6p2 


Subscripts  d,  p,  and  h  refer  respectively  to  dispersive,  polar  and 
hydrogen  bonding  contributions  to  the  solubility  parameter. 


TABLE  13 


Difference  in  Solubility  (A)  for  Different 


Species  l 

Species  : 

DGEBA 

Diad  Primary 

DGEBA 

0 

8.34 

Diad  Secondary 

9.09 

0.75 

Diad  Primary 

8.34 

0 

Species 

Diad  Secondary 

9.09 

0 

0.75 
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From  a  probabilistic:  ca lcuiat ion ,  the  completely  undreacted  molecules 
of  epoxide  will  be  or.lv  (’-43)"’ — i.e.,  32'.  At  gelation  (gelation  occurs 

at  a  different  value  in  amine-rich  svstem  here  due  to  a  different  stoichio¬ 
metry),  completely  uncreacted  epoxy  is  present  in  only  a  small  quantity 
which  cannot  form  the  matrix  (Table  14).  The  matrix  consists  of  diads  and 
other  species  which  have  solubility  parameters  (Tables  12,  13)  intermediate 
between  those  of  unreacted  epoxy  and  the  triads  (or  the  higher  polymeric 
species  that  are  formed).  Considering  one  step  before  gelation,  where  the 
phase  separation  can  take  place  without  being  hindered  sterically,  one  can 
consider  that  the  diads  (wnich  are  still  soluble  in  epoxy)  act  as  buffers  to 
keep  the  triads  in  solution.  The  difference  in  solubility  parameter  between 
the  epoxy  and  the  triads  can  be  reduced;  and  it  is  concluded  that  phase 
separation  giving  rise  to  a  large  fraction  (50  volume  %  or  more)  of  hetero¬ 
geneities  cannot  be  explained  in  this  way. 


TABLE  14 


Various  Kinds  of  Epoxide  Present  (%)  at  Different  Stages  of 
Reaction  as  a  Function  of  Stoichiometry  and  K^/K2 


Type  of 
Species* 


5  o- - - 

# - *~o 

0 - • 


%  of  Primary  Amine  Reacted 


A/E  = 

2 

A/E  = 

1 

A/E  =  0. 

.5 

Gel 

30 

15 

Gel 

60 

30 

Gel 

60 

30 

13.5 

45.3 

71.2 

30.4 

40 

70 

46.8 

66.6 

84 

46.5 

44 

26.3 

49.5 

46.5 

27.3 

43.2 

30 

15 

40 

10.7 

2.43 

20.1 

13.5 

2.7 

10 

34 

1.0 

12.0 

53.9 

75.9 

29.4 

50 

75.2 

46 

72.9 

87 

45.3 

39 

22.4 

49.6 

41.4 

23.1 

43.6 

25 

12.4 

42.7 

7.1 

1.65 

21 

8.6 

1.77 

10.3 

2.1 

0.44 

9.62 

59.7 

78.0 

27.7 

57.9 

78.6 

- 

77.5 

89 

42.8 

35.1 

19.8 

49.9 

36.4 

20.1 

- 

21.1 

10.7 

47.6 

52 

1.25 

22.4 

5.73 

1.29 

- 

14.3 

0.3 

*  A  solid  end  indicates  reacted. 


shows  an  epoxide  molecule  with 


one  end  reacted 


